High-precision electron microprobe data for major and trace elements (nickel, calcium and manganese) in the margins and rims of groundmass olivine grains from the Majuagaa kimberlite (sensu stricto) in southern West Greenland are presented. Despite a range of olivine core compositions defining several zoning types most of the olivine grains have similar margins. The olivine cores are considered to be xenocrysts in the kimberlite magma whereas the margins represent cognate olivine crystallized from the kimberlite melt itself. We evaluate models of olivine margin formation by fractional crystallization, fractional crystallization with simultaneous digestion of xenoliths, and diffusion. Only fractional crystallization coupled with digestion of xenocrysts (primarily orthopyroxene), with subsequent minor diffusion, can account for the observed compositional profiles in the olivine margins. We propose that the digestion crystallization process, whereby the entrained xenolithic material reacts with the kimberlite melt, is important in the evolution of kimberlite magmas. We suggest that this type of reaction gives a distinct local flavour to the parental kimberlite melt and can account for the similarities and differences between the various kimberlitic (sensu lato) magma types present in southern West Greenland and worldwide.
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I N T RO D UC T I O N
Kimberlites are volumetrically minor yet controversial magma types. As the major source of natural diamonds they have obvious economic value. The petrological significance of kimberlites far outweighs their volumetric insignificance: diamonds, together with high-pressure mantle xenoliths, imply a depth of genesis of over 150 km (Kennedy & Kennedy, 1976; Ringwood et al., 1992; Mitchell, 1995; Pearson et al., 2003) . Despite the vast number of publications on kimberlites, their primary magma composition remains disputed. Some studies favour a waterrich ultramafic silicate melt (Price et al., 2000; Becker & Le Roex, 2006; Kopylova et al., 2007; Kjarsgaard et al., 2009 ) whereas others suggest a parental silico-carbonatite melt (Dawson & Hawthorne, 1973; Kamenetsky et al., 2008; Nielsen & Sand, 2008; Patterson et al., 2009) .
It is a common assumption in magmatic petrology that the bulk-rock being studied represents a liquid, and that the larger mineral phases are phenocrysts, which were in equilibrium with the melt. Texturally, hypabyssal kimberlites are too complex for the simple assumption of meltp henocryst equilibrium to hold. Many kimberlites show extensive serpentine alteration, which affects the major element composition . Unaltered kimberlites typically consist of an assemblage of anhedral mafic minerals (primarily olivine) set in a matrix of calcite and/or dolomite together with accessory minerals such as apatite, spinel, phlogopite and perovskite. Previous work, for example by Le Roex et al. (2003) , Kopylova et al. (2007) and Mitchell (2008) , has suggested that two distinct separate types of olivine grains exist in kimberlites: xenocrystic grains and 'fine-grained phenocrysts' . Those workers also suggested that these olivine types can be distinguished optically. However, recent petrographic and mineral chemical studies by Fedortchouk & Canil (2004) , Kamenetsky et al. (2008) , Nielsen & Sand (2008) , Brett et al. (2009) and Arndt et al. (2010) have suggested that a simple division into distinct cognate and xenocrystic olivine is not possible and that most olivine grains in kimberlite are zoned. These studies found that the olivine cores are consistent with derivation from olivine from disaggregated mantle xenoliths and that the margins formed from magmatic crystallization from the kimberlite melt (i.e. that single crystals can have both a xenocrystic and cognate origin). We note, however, that some studies (e.g. Moore, 2011) have argued for a different origin of the olivine cores. When xenocrystic cores are removed using mass balance the melt is calculated to be silico-carbonatitic (Nielsen & Jensen, 2005; Nielsen & Sand, 2008) , although by no means all the silica in the kimberlite is derived from entrained xenocrysts. In addition to the textural evidence, melting experiments at low pressures have shown that kimberlite bulk-rock compositions do not produce melts . A fundamental consequence of these observations is that the bulk-rock composition cannot be used as a proxy for the melt composition.
The composition of a mineral that has crystallized in kinetic equilibrium from a melt is controlled by the concentration of elements in the melt and the partition coefficients between mineral and melt. The composition of the melt from which a crystal has grown can be calculated if the variation of the partition coefficients with pressure, temperature, mineral composition and melt composition is known. If the growth rate of the mineral is greater than the rate of re-equilibration of its chemical composition by diffusion then we can treat each new layer that grows as insulating the interior of the grain from the growth medium (Doerner & Hoskins, 1925) . We may then apply local melt^mineral equilibrium to the compositional profiles to understand magma processes. This technique is well established for both major elements and trace elements in plagioclase (e.g. Blundy & Shimizu, 1991; Singer et al., 1995; Kuritani, 1998; Humphreys, 2009 Humphreys, , 2011 but is relatively undeveloped for olivine (e.g. Pearce, 1984; Kohn et al., 1989) . Additionally, provided there is a closed system with fast homogenization of the growth medium with respect to crystal growth rate, equations describing the fractional crystallization (FC) process may be applied on a grain scale (Hollister, 1966; Cygan & Lasaga, 1982; Otamendi et al., 2002; Kinman & Neal, 2006) .
The olivine stability field expands at the expense of orthopyroxene with decreasing pressure (Wendlandt & Eggler, 1980; Brey et al., 1983; Edgar et al., 1988; Luth, 2009) . Orthopyroxene is therefore unstable in kimberlite melts during their transit towards the surface, as has been confirmed by recent experiments by Russell et al. (2012) . Mitchell (2008) and Luth (2009) suggested that orthopyroxene, derived from the disaggregation of entrained lherzolite and harzburgite xenoliths, is dissolved in the kimberlite melt during transit. Kamenetsky et al. (2008) noted the existence of orthopyroxene inclusions in the cognate margins of olivine grains in Siberian kimberlites, indicating that at some stage fine-grained orthopyroxene was present, at least locally, in the melt. They also made the suggestion that olivine is dissolved in the proto-kimberlite at high pressure. The possibility of silicate material being dissolved in the kimberlite melt during the cognate olivine margin crystallization means that a process similar to assimilation^fractional crystallization (AFC; DePaolo, 1981) may be operating.
This study uses representative samples from the Majuagaa hypabyssal kimberlite dyke (558·5 AE1·2 Ma: Tappe et al., 2011) from the Maniitsoq region of southern West Greenland (Fig. 1 ). Previous work (Nielsen & Sand, 2008) showed that the Majuagaa occurrence is a fresh kimberlite (sensu stricto) with very minor serpentinization of olivine. This is an important consideration because to carry out the detailed work presented here the margins of the olivine grains must be well preserved. This makes Majuagaa an ideal occurrence to study to understand the processes involved in kimberlite genesis at a fundamental level.
We present high-precision electron microprobe data from traverses across the cognate margins of selected representative olivine grains from the Majuagaa kimberlite dyke. We test diffusion and crystallization models with the aim of replicating the observed compositional profiles in the olivine margin, thereby constraining the processes operating within the melt or magma of the Majuagaa kimberlite during olivine margin formation. Only a digestion fractional crystallization (DFC) process involving olivine crystallization simultaneous with orthopyroxene dissolution provides a good fit to our data. We propose that this process of reactive transport is fundamental to kimberlite genesis. The primary melt transports a varied xenolith and megacryst cargo, which undergoes continual physical disintegration. Some xenocryst phases are assimilated into the melt, causing crystallization of other phases and thereby altering the melt composition, whereas other phases travel as essentially unreactive passengers in the melt. Simple latent heat considerations for melting of orthopyroxene and crystallization of olivine suggest that reactive transport is energy neutral. We argue that kimberlite magma is emplaced as a slurry of xenocrystic olivine grains with magmatic margins, other xenocrysts and nodule types of all sizes transported in a silico-calcio-carbonatite melt.
JXA-8200 Superprobe electron microprobe (EMP) at the Department of Geography and Geology, University of Copenhagen. Different set-ups were used for olivine and oxide analyses. Equal on-and off-peak counting times were used throughout. In-house natural and artificial silicate and oxide standards were used. For olivine an accelerating voltage of 15 keV and a beam current of 60 nA with a 5 mm spot size were used. Iron, magnesium and titanium were measured with peak count times of 10 s; silica with 20 s; calcium with 40 s; and nickel and manganese with 60 s. These were chosen to optimize the trade-off between analysis time and improved counting statistics. The ilmenite and spinel analyses were obtained in several sessions and with several different set-ups. Some were obtained using the same set-up as for olivine (with a high 60 nA beam current), but most with a beam current of 20 nA and lower counting times (10 s for major elements and 20 s for trace elements). An acceleration voltage of 15 keV and beam size of 5 mm was used throughout.
Theoretical detection limits with the set-up used for olivine EMP analyses are $60 ppm for Ni, $30 ppm for Ca and $80 ppm for Mn. These should be taken as the absolute lowest limit of detection. A detection limit of 100 ppm for all the trace elements is suggested as more realistic for our data with reasonable uncertainty. The theoretical uncertainty of a typical analysis based upon counting statistics is $5% for nickel and calcium and $10% for manganese, although the actual precision of the data is less than these values suggest. Many of the traverses across olivine cores show flat profiles, and if we assume that they have homogeneous compositions, we can suggest that the variation within these cores represents the maximum analytical uncertainty of our data. Based on this we observe that Mg# is reproducible to within 51%, Ni and Mn to within $5%, and Ca to 520% (all values are relative percentages).
P E T RO G R A P H Y
For a more detailed description of the petrography and mineral chemistry of the Majuagaa kimberlite dyke readers are referred to studies by Nielsen & Jensen (2005) , Nielsen & Sand (2008) and Nielsen et al. (2009) . Majuagaa was classified by those researchers as a hypabyssal fresh calcite-rich group I kimberlite sensu stricto and consists of xenoliths, megacrysts, macrocrysts and microcrysts set in a mesostatis of carbonate and minor serpentine. Xenoliths are mainly garnet harzburgite, although one occurrence has been reported with garnet lherzolite xenoliths ) (note that the sampling for the Sand et al. study was carried out with a significant bias towards locating four-phase lherzolites for geothermobarometry purposes). Very rarely eclogite nodules are also found. The petrography of the investigated samples (and the dyke in general) is largely similar with variation primarily in the modal proportion of olivine (40^60%) relative to other phases. The megacryst assemblage in the Majuagaa kimberlite is dominated by olivine with minor ilmenite, garnet and rare clinopyroxene and orthopyroxene grains. Recent geochronological investigations show that the ilmenite and garnet megacrysts have, within error, the same age as the dyke (Tappe et al., 2011) . The orthopyroxene grains are largely replaced by serpentine (Fig. 2c) . Given the average grain sizes and approximate modal estimates, we observe a significant discrepancy between the infrequent occurrence of the largely reacted orthopyroxene xenocrysts (5 1 vol %) and the higher abundance of orthopyroxene in the xenoliths. The kimberlite groundmass comprises olivine grains of variable shape together with euhedral grains of spinel ($100 mm), phlogopite (10^30 mm), apatite (5^20 mm), ilmenite ($50 mm) and calcite (5 10 mm) and a late mesostatis of poikilitic calcite, dolomite and minor serpentine (4 10% of mesostatis by area). In some volumetrically minor segregations, late poikilitic apatite occurs. Cognate perovskite has previously been found in mineral separates Tappe et al., 2011) .
Distinguishing between xenocrystic and phenocrystic olivine in kimberlites sensu stricto is not a trivial task. Most olivine grains in the Majuagaa kimberlite show visible zonation between an anhedral core and a margin when observed in backscattered electron (BSE) images (Fig. 3) . Our observations are consistent with previous observations of cores and margins in BSE images of kimberlites from Greenland, Siberia, Canada and Africa (Nielsen & Jensen, 2005; Kamenetsky et al., 2008; Nielsen & Sand, 2008; Brett et al., 2009; Arndt et al., 2010) and appear to be a fundamental characteristic of many kimberlites. The core^margin transition may sometimes also be identified in plane-polarized light as the margins often contain numerous small inclusions (particularly ilmenite), giving them a dusty appearance, whereas the cores are virtually inclusion free (Fig. 2a) . The margins also contain occasional larger spinel inclusions. Although the outlines of the cores are not sharp, we observe that a given core is generally less well shaped than the overall olivine grain. As can be seen in Figs 2 and 3 the fracture habit of the large rounded olivine grains is such that, upon breakage, tabular cores with some planar faces, some rounded faces and poor symmetry would be formed, as also observed by Arndt et al. (2010) . This is presumably the origin of the cores of the intermediate olivine grain sizes. The fractured nodule and megacryst material forms cores of variable size. We qualitatively observe that although larger grains have slightly thicker margins (and higher margin volume), they tend to have a lower margin width/core radius ratio ( Fig. 3b and f) . This means that the ratio of margin volume relative to core volume is lower the larger the grain is.
In the Majuagaa kimberlite dyke the size of single olivine grains ranges over several orders of magnitude from 10 mm to centimetre scale, with a semi-systematic variation of grain shape with size. The smallest ($10^100 mm) grains are angular and anhedral whereas the largest (millimetre to centimetre scale) grains are rounded. In the intermediate size ranges, grains with variably euhedral to subhedral shapes are observed. It would be possible to force the olivine grains of Majuagaa to obey the criteria for grain type classification of Kamenetsky et al. (2008) or Brett et al. (2009) ; however, we propose that much of the grain shape variation is controlled by the margin to core volume ratio. Smaller grains generally have sufficient magmatic overgrowths to attain more euhedral shapes, whereas large grains do not: their shape is either tabular or rounded depending upon the core shape. The smallest angular grains are interpreted as olivine flour formed by late-stage, pre-emplacement disaggregation of olivine grains with both core and margin, consistent with Nielsen & Sand (2008) . Some grains lack a margin on one side ( Fig. 3b and c) ; this may be interpreted as evidence of either grain erosion involving loss of margins or as disaggregation of nodules post margin growth and pre-emplacement. The semi-systematic variations in grain shape across the range of grain sizes are interpreted as reflecting processes operating during transport, rather than being due to different sources of olivine. Therefore, the distinction between euhedral and rounded grains by the various classification schemes in the literature can be seen to be artificial. We suggest instead that all olivine cores in Majuagaa have an ultimate common origin as disaggregated mantle nodules and megacrysts with subsequent cognate olivine overgrowth. We suggest that this disaggregation took place both before and after margin crystallization right up until dyke emplacement and solidification.
R E S U LT S
We present 1500 new high-precision microprobe analyses of olivine. These include 47 traverses of 25 grains in six samples collected over a 2 km length of the Majuagaa calcite-kimberlite dyke (Nielsen & Jensen, 2005) . The major element compositional variation between the six samples encompasses 90% of the overall major element variation in samples from the Majuagaa dyke [using the major element data of Nielsen & Sand (2008) ] and thus the chosen samples are considered representative of the locality. Selected EMP traverses across olivine margins encompassing the observed variation in olivine size, shape and zoning are presented graphically in Fig. 4 . The full dataset of olivine analyses is provided as Supplementary Data (available for downloading at http://www.petrology. oxfordjournals.org). In addition, we present a number of new EMP analyses of oxide inclusions (ilmenite and spinel) in olivine, which are intended to be supplementary to the existing groundmass oxide analyses of Nielsen & Sand (2008) .
Olivine analyses
We can define four types of olivine compositional zonation between core and margin using our EMP data and BSE images: (1) normal zonation (high-Mg# and high-Ni core); (2) reverse zonation (low-Mg# and low-Ni core); (3) high-Ni core reverse zonation (low-Mg# and high-Ni core); (4) some grains have additional zones present between core and margin; these are termed complex zoned grains. Some grains have thin (0^15 mm) outer rims with high Mg#, Mn and Ca and low Ni. Normally zoned grains make up 490% of all olivine grains and reversely zoned form 510%. Two high-Ni reversely zoned grains and four complex zoned grains were analysed; however, this is highly over-representative of the true proportion of these grains present (5 1% of each type).
Compositional profiles
Mg#, Ni, Mn and Ca (trace elements in ppm) for selected representative olivine transects are plotted as profiles against distance from the grain edge (Fig. 4) . In normally, reversely and high-Ni reversely zoned olivine grains (Types 1^3) these profiles are divided into three zones: core, margin and rim. The margin may be further subdivided for descriptive purposes into transition zone, inner margin and margin shelf. The distinction between inner margin and margin shelf is apparent only in the Ni profiles. The transition zone represents the blurred area on the BSE images between core and margin. The volumetrically minor complexly zoned grains (Type 4) have additional zones or regions between core and margin and are not considered further. In all grain types Mg#, Ni, Mn and Ca are constant across the core of a single grain. In the Ni profile of normally zoned grains (Type 1) (Fig. 4 ) the inner margin is approximately L-shaped. There is a steep drop in Ni from $2500 ppm adjacent to the core, which levels out to the margin shelf value of $1000 ppm. There is a smooth transition between the core and the drop in Ni content in the inner margin. The Mg# profiles show a constant core value and constant margin value of 0·887 (shown on same plots, Fig. 4 ). The inner margin and margin shelf regions are indistinguishable in the Mg# profile. For Mg# the transition between olivine core and margin is a smooth symmetric S-shaped change. We note that the change from high Mg# to low Mg# is symmetrical and occurs in the transition zone further from the grain edge than the asymmetrical change from high Ni to low Ni, which occurs nearer the grain edge in the inner margin. The Mn content of the normally zoned grain cores has intergrain variation between 600 and 1300 ppm. There is a smooth S-shaped transition zone from the core to an inner margin composition of $1000 ppm. The Mn profile in the margin shows a (a, 491716-Ol1; d, 491725-Ol2) with generally planar surfaces but variable symmetry between opposite faces. These would previously have been classified as phenocrysts; however, the core-margin zonation is clearly visible. (b) One tabular grain (491716-Ol6; right-hand side) and one grain that has a margin present on one side only. (c) A normally zoned anhedral rounded megacryst (491718-Ol5). This would previously have been described as a xenocryst. However, the margin is visible along the lower edge of the grain. (e) A tabular reversely zoned grain (491745-Ol8). (f) A reversely zoned anhedral grain (491702-Ol5). Again, traditional shape-based criteria would assign this as a xenocryst. However, the core^margin zonation is clearly present. progressive increase to a value of up to $2500 ppm at the grain edge. The Ca analyses of the normally zoned olivine cores have an intergrain variation between the detection limit and 800 ppm. There is a smooth S-shaped transition zone from the core to the inner margin value close to the detection limit. The Ca content remains approximately around detection limit through most of the margin but increases sharply to a maximum value of around 3000 ppm toward the grain edge. If an outer rim is present it shows a steep increase in Mg# above 0·887 with a simultaneous drop of Ni below 1000 ppm. Neither Mn nor Ca shows any change in slope at the margin^rim transition.
The low-Ni reversely zoned olivine grains (Type 2) ( Fig. 5 ) also have a constant low Ni content in the core (varies from grain to grain) and the same Ni content in the margin shelf as the normally zoned grains (Type 1) ($1000 ppm). A region with increased Ni up to $2000 ppm occurs in the transition and inner margin between the core and margin shelf regions. Again, the Mg# profile consists of constant core (variable between grains) and constant margin value (0·887) with a symmetrical S-shaped transition zone between them. The transition between lower Mg# in the core and Mg# ¼ 0·887 in the margin occurs at the same distance from the grain edge as the increase shown in the Ni profiles. The Mn content of the cores of the reversely zoned grains varies between 900 and 1600 ppm. There is a symmetrical S-shaped transition to the inner margin value of 1000 ppm. As in the normally zoned grains Mn increases to a maximum value of $2500 ppm at the grain edge. The Ca content of the reversely zoned olivine cores varies between the detection limit and 500 ppm. There is a symmetric transition to the inner margin Ca content of around the detection limit. As in the normally zoned grains, Ca content remains low from the inner margin to about 20^30 mm from the grain edge where it starts to increase steeply to as high as 3000 ppm at the grain edge. The outer rim, if present, shows an increase in Mg# above 0·887 and decrease in Ni below 1000 ppm (the same as the normally zoned Type 1 grains).
The high-Ni reversely zoned grains (type 3) (Fig. 4 ) have identical Ni profiles to the normally zoned grains (Type 1) and identical Mg# profiles to the low-Ni reversely zoned grains (Type 2). The Mn and Ca contents of the margins are as described for Types 1 and 3. If an outer rim is present it has the same profile as for the other grain types with Ni decreasing below $1000 ppm, Mg# increasing sharply above 0·887, and both Mn and Ca being unaffected.
Element vs Mg# and element vs Ni plots
The data for Ni, Mn and Ca (in ppm) for all 25 investigated olivine grains have also been compiled as plots versus magnesium number (Mg#) and for Mn and Ca versus Ni (in ppm). On the Ni vs Mg# plot (Fig. 5 ) the fields of xenolith olivine analyses of Bizzarro (2002) and Sand (2007) are shown for comparison. Lines join adjacent analyses along a traverse (5 mm spacing). The olivine analyses are differentiated into core, margin, rim and other zones systematically using criteria based upon the position of the analyses within the traverse, the shape of the Ni and Mg# compositional profiles, and the BSE image of the grain.
The Ni vs Mg# plot (Fig. 5) shows that the cores of all but two of the 25 grains lie within the broad field of xenolith analyses, coincident with the xenolith olivine analysis of Bizzarro (2002) and Sand (2007) between Ni $1000 ppm, Mg# $0·85 and Ni $3000 ppm, Mg# $0·94. Two olivine cores define a low-Mg#^high-Ni core type (cores of olivine zoning Type 3) with compositions spread between the high-magnesium cores and Ni $2500 ppm and Mg# $0·85. These cores fall within the field of ilmenite dunites identified by Bizzarro (2002) . The analyses of the margins of all grain types almost all fall onto a broadly vertical trend on the Ni vs Mg# plot with Ni content dropping from $2500 ppm to $1000 ppm at an almost constant Mg# of 0·887. Some grains have an additional thin rim. Mg# increases in these rims from the margin value (0·887) to as high as 0·96 at the very edge of the grain. Ni content in the rim varies from $1000 ppm at the inner boundary with the margin to as low as $250 ppm at the grain edge. The analyses labelled 'other' belong to the additional zones between core and margin present in the complexly zoned grains (Type 4).
The volumetrically dominant normally zoned grains (Type 1) have high-Mg and high-Ni cores. On the Ni vs Mg# plot (Fig. 5 ) the Ni content in the main part of the margin drops sharply along the vertical trend from the core towards the outside of the grain. There is a slight bend towards high Mg# in the inner margin analyses adjacent to the core (Fig. 5) . Reversely zoned grains (Type 2) have low-Mg# and low-Ni cores. Their margin composition forms a loop (Fig. 5) with the inner margin deflected to low Mg and low Ni content whereas the main part of the margin lies on the main vertical trend. The two highNi core reversely zoned grains (Type 3) have cores lying in the high-Ni core region we identify above. On the Ni vs Mg# plot their margin composition is a vertical mirror image of the normally zoned grains (Fig. 5) . Ni in the main part of the margin drops sharply from $2500 ppm to $1000 ppm whereas Mg# is nearly constant, with the Mg# bending towards the core composition in the inner margin. The complexly zoned olivine grains (Type 4) show a variety of different zones between the core and margin: however, in common with every other grain, the margin is clearly identified. In summary, almost all the margin analyses lie on the same vertical trend on the Ni vs Mg# plot with Ni decreasing from 2500 to 1000 ppm whereas Mg# stays constant at 0·887. A few analyses from the innermost margin are intermediate in composition between the usual margin trend and the core of the grain.
In Figs 5 and 6 the main group of olivine cores [comprising the cores of normal (Type 1) and low-Ni reversely zoned grains (Type 2) and representing !95% of the olivine grains] show a negative correlation with both Mg# and Ni. The high-Ni low-Mg# cores identified from the Ni vs Mg# plot have elevated Mn and fall above the main group of cores. Ca shows more complex relationships in the olivine cores; however, the absolute concentrations are low and these variations cannot be treated with confidence. In general the variation of Ca in the low-Mg# (and low-Ni) cores is between the detection limit and 500 ppm whereas in the higher Mg# (higher Ni) cores Ca content varies between the detection limit and 800 ppm. The high-Ni low-Mg# cores have Ca contents around the detection limit.
On the Mn vs Mg# and Ca vs Mg# plots both Mn and Ca compositions in the olivine margins define vertical trends. Mn increases from 500 ppm in the inner margin to 2000 ppm at the grain edge. Ca also increases from the detection limit in the inner margin to $2500 ppm at the grain edge. On the Mn vs Ni and Ca vs Ni plots both Ca and Mn display a distinct kink between virtually constant Mn and Ca contents in the inner part of the margin and sharply increasing contents in the outer part of the margin and into the rim.
Oxide inclusions
As indicated in Figs 2 and 3 the olivine margins contain oxide mineral inclusions. These were analysed by electron microprobe and found to be primarily ilmenite and some spinel. The data are provided as Supplementary Data and are summarized in Fig. 7 together with euhedral groundmass grain and megacryst analyses obtained as part of this study and from the literature [selected data from Nielsen & Sand (2008) ]. It is not within the scope of this study to undertake a detailed investigation of the oxide compositions. However, the oxide inclusions in olivine margins within the Majuagaa kimberlite are of three main types. There is a Cr-bearing ilmenite phase on the geikeilite^ilmenite solid solution trend, a titano-magnesian ulvo« spinel with a composition similar to the groundmass spinel lying on the T1 (kimberlite sensu stricto) trend of Mitchell (1995) , and volumetrically minor chromium-rich spinel.
M O D E L D E V E L O P M E N T
The observed division of olivine grains into core, margin and rim zones has been previously noted in several studies (Fedortchouk & Canil, 2004; Nielsen & Jensen, 2005; Kamenetsky et al., 2008; Nielsen & Sand, 2008; Brett et al., 2009; Arndt et al., 2010) . The general conclusion of those studies was that the olivine core regions are disaggregated mantle nodule material and the margins are olivine crystallized from the kimberlite melt itself. The calcium and magnesium enrichment in the outer 520 mm of some grain edges has been previously noted by Nielsen & The most likely process involved in this type of core to margin zonation is crystallization of the homogeneously nucleated margin onto a xenocrystic core. Depending on the relative olivine growth rate versus olivine diffusion rate, and the resorption of unstable xenocrysts, grain growth could be dominated by (1) equilibrium crystallization (EC), (2) Rayleigh fractional crystallization (FC), or (3) a process similar to AFC but on a grain scale, which we term digestion fractional crystallization (DFC). The crystallization profiles could be subsequently somewhat modified by diffusion.
Here we develop models for diffusion and crystallization and compare the modelling results with the observed margin compositions. This allows us to draw inferences about the melt composition and processes acting in the magma.
A simple model for multi-element diffusion in olivine
We use a simple diffusion model to provide a good qualitative estimate of the behaviour of Ni, Mn, Ca and Fe^Mg profiles through olivine grains undergoing diffusion. This is not intended to calculate timescales precisely, which would require a three-dimensional approach as well as better constraint of grain orientation, magmatic temperature and magmatic fO 2 .
Diffusion coefficients
The diffusion coefficients in natural minerals are exponentially dependent upon temperature. When we solve the diffusion equation the rate is therefore temperature dependent. Identical profiles can be generated by long residence periods at low temperature or by short residence periods at high temperature. The magmatic temperatures and timescales of kimberlite genesis are controversial and do not form part of our discussion. Instead, we describe the relative evolution of the shape of compositional profiles in olivine grains over time at a given temperature. The change in shape of a Ni vs Mg# plot for a transect across an olivine grain is controlled by the relative rate of development of the respective Ni and Mg# profiles; that is, by the ratio of the diffusion coefficients of Ni and Mg. We may therefore examine the effect of diffusion upon the shape of a Ni vs Fo plot and the various compositional profiles in terms of the ratios of the diffusion coefficients.
According to the most recent experimental work (Petry et al., 2004; Qian et al., 2010 ) the diffusion of Ni and Mn in olivine occurs by the same mechanism as Fe^Mg diffusion and therefore the diffusion coefficients are of the same order of magnitude with similar dependence upon temperature, forsterite content and orientation. We may therefore use the same value for the diffusion coefficients of Ni and Mn as for Fe^Mg and the profiles of these four elements should therefore develop at a similar rate.
The form for the diffusion coefficient (S Fe^Mg ) in olivine for Fe^Mg exchange is (Dohmen & Chakraborty, 2007 The diffusion coefficient for Ca in olivine is not governed by the same mechanism as that for Fe^Mg, as noted by Coogan et al. (2005) . Those researchers investigated the diffusion coefficient for Ca in olivine between 900 and 15008C and over a range of fO 2 . They found that S Ca has no dependence upon Fe^Mg in the range Fo 83^F o 92 , and has the form S ¼ S 0 exp(^E/RT) at a given fO 2 , where S 0 is a pre-exponential constant and E is an activation energy that describes the temperature dependence. S 0 has a dependence upon fO 2 given by S 0 / f O 1=3 2 . The exponential dependence upon temperature is far stronger than the fO 2 dependence and for the purposes of our qualitative model the fO 2 dependence can be safely ignored. Both the pre-exponential term S 0 and the activation energy (E) have slight dependence upon crystallographic orientation: 
Solution to the diffusion equation
A one-dimensional version of the diffusion equation, which allows for the known variation of diffusion coefficient with composition and distance, is used (e.g. Crank, 1975; Costa et al., 2008) :
where C is concentration of a species, x is distance along the profile, t is time and S is diffusion coefficient. We use a forward explicit finite-difference scheme to solve (1) numerically in a grid with time steps t ! t þ1 and distance step j ! j þ1:
This numerical scheme is convergent and is stable when (dt/dx 2 )50·5 (Crank, 1975) . We use an Excel spreadsheet combined with macros in Visual Basic to perform this calculation over 50 distance steps and as many time steps as desired (provided as Supplementary Data). This spreadsheet can be used to calculate the simultaneous diffusion of iron^magnesium, nickel, calcium and manganese in olivine. For a time step (t ! t þ1) of 1day and distance step of 5 mm this scheme has (S min dt/dx 2 ) ¼ 0·4 and is therefore stable. The calculations presented here are with time steps of 6 h or less and therefore have lower S min dt/dx 2 values.
A model for fractional and digestion fractional crystallization on a grain scale
For volumetrically dominant and experimentally well-constrained magmatic systems such as basalts comprehensive thermodynamically based crystallization algorithms that account for changing partition coefficients, major element compositions and phase diagram topology such as MELTS (Ghiorso & Sack, 1995) and COMAGMAT (Ariskin et al., 1993) have been developed. However, these programs are applicable only inside the narrow range of magma compositions studied by extensive experimental work. The possible range of compositions for kimberlitic melts falls outside this range and we therefore develop a simpler approximation for calculation of melt evolution and olivine compositional transects during FC and DFC in kimberlites. The EXCEL spreadsheet used in the crystallization calculations is provided as Supplementary Data and is available from the first author upon request.
Physical basis and assumptions for the crystallization models
We assume that the magma has a finite volume, although we expect any CO 2 formed to be lost. This is justified for kimberlites where there is no evidence for large-scale magma chambers and the dyke systems are of the order of only a few meters wide. We also assume that the magma is well stirred and the melt is homogeneous. This is an important assumption as calculations presented by Albare' de & Bottinga (1972) show that if the rate of supply of nutrients to the growing crystal is diffusion limited then trace element compositional profiles can be buffered during FC. Kimberlite melt composition is somewhere between carbonatite and volatile-rich ultramafic^silicate, with a presumably completely depolymerized melt structure. This implies very low viscosity and correspondingly both rapid diffusion in the melt [viscosity and diffusion rate are linked by the Stokes^Einstein equation (e.g. Genge et al., 1995) ] and thin boundary layers to advective movement of melt around crystals (e.g. Rosenberger, 1993) . This implies that compositional gradients would not be developed during olivine crystallization from either a carbonatite or a volatile-rich ultramafic^silicate melt. Additionally, Kile & Eberl (2003) argued that for diffusion-limited supply during grain growth a constant growth rate is expected, whereas for advection-limited supply a grain size proportional growth rate is expected. In our samples, the margin width is dependent upon both crystallographic orientation, implying that an interface mechanism has strong influence upon growth rate, as well as overall olivine grain size, implying advection-limited supply of material to the growing olivine grain. The olivine growth rate in the kimberlite magma is therefore limited by a combination of interface kinetics and advective supply rather than diffusive supply and growth occurs with the grain edge and melt in kinetic equilibrium. A further consequence of a well-stirred homogeneous system is that any assimilated material (e.g. orthopyroxene) will be quickly mixed into the melt.
Our model laminates olivine mass increments with a composition calculated using our crystallization scheme onto a spherical three-dimensional xenocryst core. We have experimented with various core shapes (including a hexagonal prism, which is close to a euhedral olivine shape) and find no significant difference in the shape of the modelled profile. We find that any reasonable crystal shape can fit our EMP data equally well within the analytical uncertainty. We also investigated various initial core shapes and found that the distortion of the compositional profile in the margin as a result of the precise shape of the core is insignificant. We therefore chose to model the simplest case of an initially spherical core with radially symmetrical margin overgrowth.
The rate of crystallization is held constant in our growth model. This is not necessarily a valid assumption, as previous work has suggested that a grain-size controlled growth process may occur (Brett et al., 2009) . It is clear in Fig. 3 that different margins have different thicknesses. This strongly supports the rate of crystallization of different grains being variable. It is also shown in Fig. 3 that margin thickness varies between grain surfaces and this supports the existence of variation in growth rate between faces with different crystallographic orientations. We therefore normalize the data and the model profiles to remove these distortions owing to variable growth rates by stretching or compressing the profiles in the distance axis to obtain a constant total margin thickness. Once this normalization has been applied, most grains show the same curvature of Ni and Mg# in the margin and the same total crystallization (F max value).
Crystallization scheme
We model crystallization by using a finite-difference method to solve the mass-balance equation and calculate the compositional evolution of a melt that is undergoing DFC or FC of an assemblage of olivine AE ilmenite AE spinel AE CO 2 loss AE orthopyroxene digestion. Ilmenite and spinel may be justified as being on the liquidus because inclusions are found frequently within the olivine margins. The composition of the olivine in equilibrium with the melt as crystallization progresses is calculated using the relevant partition coefficients. As a practical simplification owing to a lack of knowledge of the phase diagram topology, the relative phase proportions are held constant throughout crystallization. Spinel and ilmenite are assumed to be in equal proportions on the liquidus. This assumption has little effect upon the modelled olivine profiles as spinel and ilmenite both have lower Mg/Fe ratios than the melt and sequester Ni, and therefore have similar effects upon the melt evolution during crystallization.
Details of the derivation of the crystallization scheme are given in Appendix A. The mathematics of the DFC process are the same as those for the assimilation^frac-tional crystallization process (DePaolo, 1981) . The massbalance equation for DFC in terms of the proportion of
where C i s is concentration of species i in the solid, C i m is concentration of species i in the melt, C i a is the concentration of species i in the assimilated phase, and r is the ratio of rate of assimilation to rate of crystallization. FC is simply an end-member of AFC/DFC with r ¼ 0 in which case equation (7) simplifies to an FC mass-balance equation. Equation (7) cannot be solved analytically for the case of a solid solution of major elements but may be solved numerically by utilizing a finite-difference scheme:
If the initial concentration C i mðt¼0Þ at F (t¼0) ¼ 1 is known, then the change in concentration as F decreases can be calculated. The major element composition of olivine (in terms of forsterite and fayalite content) must be calculated using the K D (Fe^Mg) at each time step.This numerical solution forms our crystallization scheme. It is seen experimentally to be stable and convergent when change in F is50·001.
Partition coefficients for crystallization of olivine
For olivine crystallization modelling we must have estimates of the partition coefficients for the investigated trace elements and the exchange coefficient for Fe^Mg. Melt composition in the kimberlite is not known precisely a priori as the proportion of xenocrystic olivine is not known. Partition coefficients have a strong dependence upon melt structure (and hence CO 2À 3 /SiO 4À 4 ratio) (Mysen & Richet, 2005) and we cannot know the partition coefficient accurately unless we know the melt composition. Silicate melt values cannot be used with confidence, and there is only sparse experimental work for partition coefficients in carbonatite systems.
The iron^magnesium ratio of olivine is controlled by the exchange coefficient. In the silicate melt^olivine system a K D of around 0·3 is generally accepted (Roeder & Emslie, 1970) . However, Dalton & Wood (1993) and Girnis et al. (2005) both found that K D (FeO^MgO) increases with increasing CO 2 content in carbonate melt^olivine systems to values as high as 0·62. K D (FeO^MgO) ¼ 0·5 was used in most of the modelling presented and numerical experiments show that values in the range 0·3^0·5 produce model compositional profiles that fit the EMP data. This is due to coupling between increased proportion of oxides on the liquidus and increased K D (Fe^Mg).
Experiments by Sweeney et al. (1995) found D Ni of 19·1 at 1·8^4·6 GPa and 1100^12008C for olivine^carbonatite melts. This is broadly consistent with experiments at 6^10 GPa by Brey et al. (2008) , who observed a decrease in D Ni between olivine and carbonatite melt from 12 to 5 as temperature increases from 13008C to 17008C. Brey et al. (2008) maintained that their values for D Ni are consistent with the CO 2 -free D Ni values obtained by Hart & Davis (1978) . The existing estimates of kimberlite magmatic temperatures are less than 12008C (Fedortchouk & Canil, 2004; Fontana et al., 2011) , so we suggest that the higher values of D Ni are more applicable. Numerical experiments with our EXCEL spreadsheet show that the modelled olivine compositional profiles are not substantively affected as long as D Ni is greater than $8.
Partition coefficients for Ca and Mn equilibrium between olivine and carbonatite melt are even less well experimentally constrained than for Ni. Ca and Mn are therefore not included in our numerical modelling of compositional profiles during crystallization.
R E P RO D UC I N G O L I V I N E Z O N AT I O N Diffusion-controlled equilibration between olivine and melt
Our observations for core to margin zonation do not resemble the diffusion profiles of Costa & Dungan (2005) for olivine and so simple diffusional re-equilibration of Fe^Mg and Ni between olivine and melt can be discarded as the mechanism for margin formation in the kimberlitic olivine. When grain dissolution occurs, diffusion of material from the inside to the grain edge may produce compositional profiles (Ozawa & Nagahara, 2000) . However, our results do not resemble the calculated profiles of Ozawa & Nagahara (2000) and this mechanism is also discarded.
Equilibrium margin growth with later diffusive equilibration
This mechanism is tested because equilibrium crystallization (EC) would provide the simplest explanation for buffering of the Mg# and Ni contents of the olivine margins. In this model an olivine core, assumed to be xenocrystic in line with previous studies, is surrounded by a margin that grew under equilibrium crystallization conditions. Equilibrium crystallization on a grain scale will occur when the diffusion rate inside the grain is significantly greater than the growth rate of the grain. Therefore each new increment that grows fails to insulate the interior of the grain from the melt and a flat compositional profile across the growing zone is generated.
We model this scenario using an initial step profile in the content of Fo, Ni, Ca and Mn between the core and margin. Progressive diffusive equilibration of the two zones causes the compositional profiles to evolve. The output of this calculation in comparison with observed profiles for a normally and a reversely zoned olivine grain (Types 1 and 2) is shown in Fig. 8 . The initial condition has Fo and Ni content in the margin equal to that in the observed 'shelf ' (Fo ¼ 88·7 and Ni ¼1000 ppm). Both normally zoned grain cores (Fo ¼ 93 and Ni ¼ 3000 ppm) and reversely zoned grain cores (Fo ¼ 84, Ni ¼1000 ppm) are used. The shape of the Mg# profiles between core and margin in both normally and reversely zoned olivine (Types 1 and 2) is reproduced perfectly. However, in the normally zoned grains (Type 1), the EC followed by diffusion model produces a symmetric transition from core to margin Ni concentration, whereas the measured profiles are asymmetric with an L-shaped drop. There is also a misfit between the distance from the grain edge of the midpoint of the core to margin transition predicted by the model (which must be the same as that for Fo) and the midpoint of the Ni drop in the EMP data. Additionally, this model cannot re-create the observed spike in Ni between core and margin in the reversely zoned olivine (Type 2). This scenario cannot match our data and is therefore discounted. When the results and the model output are plotted as Ni vs Fo neither normally nor reversely zoned olivine grains can evolve from the initial shapes toward our data with diffusion time (Fig. 9 ).
FC and DFC during margin growth
In this case, the olivine cores are again assumed to be xenocrystic in line with the findings of Nielsen & Sand (2008) and the margins are assumed to have crystallized from the melt by fractional crystallization. Kamenetsky et al. (2008) and Moore (2011) have suggested that the higher K D (Fe^Mg) values of carbonatite melt^olivine compared with silicate melt^olivine may explain the buffering of the Mg# of the olivine margins (Dalton & Wood, 1993; Girnis et al., 2005) . We therefore calculate the compositional profiles for Mg# and Ni in olivine margins during FC of olivine, FC of olivine and ilmenite þ spinel [inclusions of which are present within olivine margins (Figs. 2 and 3) ], and DFC involving crystallization of olivine and ilmenite þ spinel buffered by orthopyroxene dissolution with a range of r values (r is the ratio of assimilation rate to crystallization rate). Because partition coefficient values for Ca and Mn are so poorly known they are not included in the quantitative crystallization modelling of FC and DFC that is carried out for Fe, Mg and Ni. At this stage we make no attempt to replicate the thin outer rims at the very edge of the olivine grains.
The FC modelling (with or without cotectic oxides) is compared with our data in Figs 8 and 9. The early part of the Ni profile may be approximated by FC with D Ni $20. However, the FC model produces constantly falling Ni and Mg# values, with Ni dropping rapidly below the detection limit. No constant 'shelf ' values of Mg# and Ni can be reproduced if FC of olivine is the process responsible for margin formation. In the case that oxides are on the liquidus at the same time as olivine the Mg# of the olivine may be buffered. However, a mass ratio of 1:2 oxides:olivine is required, which is inconsistent with petrographic observations. Furthermore, cotectic crystallization of olivine and ilmenite þ spinel cannot produce the shelf value of Ni in olivine irrespective of the Ni partitioning between oxides and melt. The FC mechanism alone does not adequately reproduce our analytical data and is therefore not a satisfactory mechanism for olivine margin growth.
DFC modelling is also compared with our data in Figs 8 and 9. A good fit between model and observation is Fig. 8 . Comparison of core to rim traverses for representative olivine grains for Mg# and Ni with margin crystallization modelled using different assumptions. EMP data are thick grey lines with black crosses; crystallization models are continuous black lines and post-crystallization diffusion models are dotted black lines (diffusion in 4 week intervals up to 12 weeks shown). Whereas the Mg# model profile for equilibrium crystallization fits the data well, it is clear that there is significant offset between the transition from core Mg# to margin Mg# and core Ni to margin Ni, which is not explained. The middle two plots in each group compare simple fractional crystallization models of olivine alone and olivine with simultaneous ilmenite and spinel crystallization. D Ni is taken as 15 and K D (Fe^Mg) as 0·5 in each case. A ratio of one part ilmenite to two parts olivine crystallization is shown for the 'with oxides' model. It is clear that although the (unreasonably high) ilmenite and spinel crystallization could buffer the Mg# of the olivine margin the Ni content cannot be kept at 1000 ppm during fractional crystallization. obtained with total olivine in the bulk-rock $60 wt % with an amount of olivine margin crystallization equivalent to a change in mass of the melt of F max 40·85, together with assimilation of orthopyroxene at a rate given by r $0·6.
We use an 'average southern West Greenland orthopyroxene' composition based upon the data of Sand (2007) with Ni $1000 ppm, MgO ¼ 35 wt %, FeO ¼ 5 wt % and SiO 2 ¼59 wt %. D Ni is not certain as the existing literature values suggest dependence upon olivine composition, melt composition and temperature. However, our modelled compositional profile is relatively insensitive to the value of D Ni (as long as D Ni is in the range 10^30). A value D Ni ¼15 provides a good fit of model to observations. This is well within the plausible range for both olivine^silicate melt and olivine^carbonatite melt (Sweeney et al., 1995; Brey et al., 2008) . The Mg# profile can be buffered by either oxide crystallization or orthopyroxene digestion and is therefore relatively insensitive to K D (Fe^Mg). Therefore, with either
, the flat Mg# profile may be reproduced with the amount of orthopyroxene expected from the Ni profile if oxides are on the liquidus during crystallization. For the silicate melt value of K D (Fe^Mg) $ 0·3 a ratio of $1:5 ilmenite to olivine is required, whereas for the carbonatite value of K D (FeM g) $ 0·5 a ratio of $1:10 ilmenite to olivine is needed. The latter value is reasonable given the presence of ilmenite and spinel in the groundmass and the frequency of ilmenite and spinel inclusions in the olivine margins. We therefore show that major details of the shape of both normal (Type 1) and high-Ni reversely zoned (Type 3) olivine grains can be replicated by a DFC model with olivine crystallization simultaneous with orthopyroxene digestion. The fit includes the shape of the inner margin for Ni as well as the decoupling between Mg# and Ni in the transition from core to margin shelf. Importantly, DFC is capable of buffering both the Ni and the Mg# compositions within the margin shelf.
Post-DFC diffusion
Although DFC can explain most of the features of our data there are some details that are missed. On the Ni vs Mg# plot (Fig. 9 ) DFC predicts a near-vertical trend: however, we observe that for normally zoned and high-Ni reversely zoned grains (Types 1 and 3) the data curve towards the core Mg# values in the inner margin, whereas for reversely zoned grains (Type 2) the data describe a half loop from core to margin first increasing in Mg# and Ni and then joining the vertical main margin trend. Within each of the profiles there are also some minor discrepancies between the DFC model and the data. DFC modelling of cognate olivine onto a xenocryst core predicts a sharp core^rim transition in Mg# rather than the smooth change observed. DFC modelling also predicts a sharp change in slope in the Ni transects instead of the smooth transition zone observed in the data. In reversely zoned grains (Type 2) the observed increase in Ni between core and margin is replicated by the DFC model; however, the observed smooth shape is not.
We therefore calculated the effect of diffusive re-equilibration subsequent to DFC using our spreadsheet program. The results of this model are compared with the data in Figs 8 and 9 . For the normally zoned grains (Type 1) and high-Ni reversely zoned grains (Type 3) the Ni and Mg# profiles are almost perfectly replicated including the S-shaped Mg# profile, the L-shaped Ni profile, the decoupling of Mg# and Ni in the transition from core to margin shelf, and the buffering of Mg# at 0·887 and Ni at 1000 ppm. For low-Ni reversely zoned grains (Type 2) both the increase in Ni in the transition between core and margin shelf and the shape of this increase are well replicated. Such a two-step model with DFC of the olivine margin followed by minor diffusion therefore convincingly fits our data.
Outer rimsçequilibration with an evolved melt
The result of diffusion modelling of re-equilibration between the olivine grain edge and a carbonatite melt with high Mg#, low Ni, high Ca and high Mn content is also shown in Figs 8 and 9. This melt composition is estimated by using simple mass-balance considerations (i.e. removing all olivine from the bulk-rock composition). The increase of Ca, Mn and Mg#, together with the decrease in Ni in the outer margin and rim towards the grain edge is matched reasonably by diffusional re-equilibration with a late-stage residual melt (post olivine crystallization) with Mg# 40·95, high CaO, Mn 41000 ppm and Ni 540 ppm (Fig. 8) . These compositions may suggest that oxide crystallization continued post olivine crystallization.
D I S C U S S I O N Origin of olivine cores and complex zones
From the modelling we have carried out it is clear that the olivine cores have a variable origin. In Fig. 5 the cores to normally zoned and low-Ni reversely zoned grains (Types 1 and 2), as well as the internal cores of the complexly zoned grains (Type 4), overlap with the compositional fields of olivine nodules and megacrysts from the Maniitsoq region of southern West Greenland. The highNi reversely zoned grains (Type 3) fall within a compositional field on the Ni vs Mg# plot that is not matched by the existing nodule data for the Maniitsoq region. However, this field does match that of the ilmenite dunites from the Sarfartoq region (Bizzarro, 2002) . The cores are accordingly identified as disaggregated xenolith material in the Majuagaa kimberlite (Nielsen & Sand, 2008) . The same interpretation has been suggested for other kimberlite samples from around the world in several recent studies (e.g. Kamenetsky et al., 2008; Brett et al., 2009; Arndt et al., 2010) .
The relatively rare complex zoned olivine grains contain additional zones between core and margin. These can be replicated by either diffusional exchange with fluid or early crystallization events prior to the margin crystallization event. Given that this zoning is preserved, the relatively rapid diffusion rate of Ni and Fe^Mg in olivine means that the growth^diffusional interaction must have occurred only a few months before kimberlite magmatism. The nature of these zones is the subject of current research. They may represent the results of small-scale magma chamber type processes within pockets of kimberlite magma that became isolated from the main body. Alternatively, these zones may represent interaction with metasomatic fluids immediately prior to kimberlite formation (see Arndt et al., 2010) . There may be a link to the megacryst assemblage, which has been dated to be within error the same age as the kimberlite magmatism in southern West Greenland (Tappe et al., 2011) and the Slave craton in Canada (Kopylova et al., 2009) .
Timescales for the Majuagaa occurrence
Precise calculation of magmatic timescales for a particular kimberlite occurrence is beyond the scope of this contribution, as this requires somewhat controversial and poorly constrained estimates of the magmatic temperature of kimberlites. However, as we have chosen (arbitrarily) to optimize our diffusion modelling at 10008C, this model suggests a time of $1 month between olivine margin growth and final solidification of the kimberlite magma in the Majuagaa kimberlite. We consider this as an average estimate and more accurate timescales could be obtained if the magmatic temperature were independently constrained and a more sophisticated diffusion model were used.
The formation of olivine margins in kimberlite and the necessity for a reactive transport process Previous workers have been unable to provide a satisfactory mechanism to buffer the Mg# in kimberlitic olivine margins and have largely not commented on the establishment of Ni buffering. Kamenetsky et al. (2008) sought to explain the Mg# buffering in terms of the raised K D (Fe^Mg) values of carbonatite melt^olivine systems with respect to silicate melt^olivine systems. However, as shown by our calculations (Figs 8 and 9 ) this cannot fully explain the Mg# buffering and does not provide any explanation for the Ni buffering in the cognate margins of kimberlitic olivine grains.
We demonstrate (Figs 8 and 9 ) that the DFC process followed by minor diffusion can explain fully the details of the shape of the Mg#, Ni, Mn and Ca compositional profiles of olivine margins in the Majuagaa kimberlite.
Qualitatively we may express the effect of this process using the following reaction:
We find that the best fit of our model to our observations occurs when the rate of orthopyroxene digestion relative to olivine crystallization (r) is $0·6, broadly corresponding to a one-to-one molar ratio. We suggest that the latent heat released as the olivine crystallizes provides the heat required to dissolve the orthopyroxene into the melt (e.g. Brett et al., 2009) . This means that extensive dissolution of orthopyroxene can occur without requiring any significant temperature change in the melt. Experimental low-degree melts of CO 2 -bearing peridotite in both model and natural systems are dominated by a dolomitic component at pressures above 3 GPa (Wyllie & Huang, 1976; Wallace & Green, 1988; Sweeney, 1994; Dalton & Presnall, 1998; Gudfinnsson & Presnall, 2005; Brey et al., 2008) . However, we observe that the groundmass of the Majuagaa kimberlite is dominated by calcite rather than dolomite. We can account for both coupled olivine crystallization and orthopyroxene dissolution, and the calcite dominated groundmass, with the reaction 
This reaction was predicted theoretically by Luth (2009) using phase diagram considerations and the silica activity of kimberlite melts. Such a reaction could potentially account for the variation in silica contents within kimberlite affinity rocks both in southern West Greenland ) and worldwide (Kjarsgaard et al., 2009) . For example, the Kaapvaal craton has a higher orthopyroxene content than the North Atlantic craton (e.g. Pearson & Wittig, 2008) . Variable orthopyroxene entrainment followed by DFC can explain the higher SiO 2 contents of current melt composition estimates for kimberlite sensu stricto from southern Africa (e.g. Becker & Le Roex, 2006) compared with that for Majuagaa (Nielsen & Sand, 2008) . Kimberlite intrusions are of small volume. Given the comparatively small magma volumes of kimberlite provinces it is unlikely that a classic AFC-type situation within a large magma chamber ever existed. Also, the assimilated material required to fit our olivine compositional profiles is derived from the lower lithosphere. We therefore propose the term DFC (digestion fractional crystallization) to describe this process whereby the original melt reacts with some phases of an entrained xenocrystic load. Although the mathematical formulation is the same as for the AFC mechanism we emphasize that the implications of the DFC term are closed-system reaction of a melt with entrained xenoliths during transport as opposed to large-scale interactions between magma and wall-rocks in a magma chamber. Hence the terms are not interchangeable.
The olivine margins in kimberlites are often heavily serpentinized and therefore not always available for study. However, literature analyses of Ni and Mg# in kimberlite olivine reveal that the vertical trend of olivine margin compositions on the Mg# vs Ni plot is a worldwide phenomenon, occurring in Group I kimberlites from South Africa, Siberia, Canada and Greenland (Dawson & Hawthorne, 1973; Mitchell, 1973; Moore & Erlank, 1979; Moore, 1988; Kamenetsky et al., 2008; Brett et al., 2009; Arndt et al., 2010) . We suggest that the mechanism involved in buffering the olivine margins in all these occurrences is likely to be DFC, as in the Majuagaa kimberlite. The process of reactive transport is therefore likely to be important in the formation of Group I kimberlites or kimberlites sensu stricto (Mitchell, 1995; Tappe et al., 2005) worldwide.
Understanding rocks of kimberlitic affinity in the context of reactive transport DFC can possibly reconcile the spectrum of bulk-rock geochemistry, mineralogy, mineral chemistry and isotope geochemistry observed in various kimberlite sensu lato (Mitchell, 1995; Tappe et al., 2005) occurrences both in southern West Greenland Tappe et al., 2011) and worldwide (Mitchell, 1995) . The Majuagaa kimberlite contains a relatively simple homogeneous nodule assemblage of depleted harzburgite and dunite with very rare four-phase peridotites (Sand, 2007) , implying a strongly depleted lithospheric mantle. This leads to the straightforward situation we have observed in which one phase dominates the assimilated material and one phase dominates the liquidus assemblage. The effect of this reaction upon the major and trace element chemistry is relatively simple to model. The effects upon the phase relations and hence the mineralogy of the final rock are correspondingly simple. In terms of radiogenic isotope geochemistry neither the unreactive xenocrysts and nodules nor the reactive xenocrysts are likely to be particularly distinctive in terms of isotope ratios or to have high overall concentrations of parent or daughter isotopes. This means that the isotopic values of the bulk-rock will be very close to those of the original melt.
When kimberlite magma carries a more variable nodule assemblage we expect a more complex set of reactive transport reactions and the melt would be modified in a more complicated fashion. The major element composition of the melt could be modified significantly, possibly to the extent that a different liquid line of descent is followed upon cooling, with different phases upon the liquidus. For example, the nodule assemblage in the Sisimuit and Sarfartoq regions further north in the southern West Greenland kimberlite province includes a high proportion of glimmerite nodules (Garrit, 2000) . Glimmerite nodules are composed of either pure phlogopite or phlogopite intergrown with, for example, ilmenite (Garrit, 2000) . In this case two effects are expected. First, the H 2 O content would lower the peridotite melting curve below that of the CO 2 -only solidus curve, allowing the degree of melting in the lithosphere to increase, and therefore increasing the SiO 2 content of the original melt. Second, a reactive transport reaction such as phlogopite þ orthopyroxene þ dolomitic carbonatite melt ¼ olivine þ silicocarbonatite melt with water and alkalis ð Þ may occur. The difference between the Group I kimberlites of the Maniitsoq area and the aillikites and mela-aillikites of the Sisimuit and Sarfartoq regions Tappe et al., 2011) may be explained in terms of this process.
A similar reaction with a MARID-type assemblage (mica, amphibole, rutile, ilmenite, diopside) has been proposed linking aillikites and mela-aillikites in northern Labrador (Tappe et al., 2008) . Similarly, in South Africa reaction with local enriched lithospheric components in addition to orthopyroxene and possibly clinopyroxene during transport would impart a distinct local flavour upon the kimberlite; hence the existence of orangeites in Southern Africa. An enriched isotopic signature and high overall concentration of parent and daughter isotopes within the entrained nodules from the continental lithosphere would impart a significant enriched signature upon the kimberlite bulk-rock. Based on the recognition that a dolomitic carbonatite is a fundamental component in kimberlite petrogenesis, we envision that a dolomitic carbonate melt infiltrates the sub-continental lithospheric mantle presumably by channelized porous flow. Such flow allows the observed incompatible trace element patterns to be developed (e.g. Khazan & Fialko, 2005) . This proto-kimberlite melt could well have a broadly similar composition in kimberlitic provinces worldwide. This proto-kimberlite melt would interact with the existing lithospheric mantle rocks and thereby obtain a distinctive local flavour in terms of major and trace elements as well as isotopes. A process such as bubble release (Lensky et al., 2006) could provide the overpressure to violently initiate channelized flow and entrain the nodule assemblage. Bubble generation is expected from orthopyroxene dissolution given that free CO 2 is present in the reactive transport equation that accounts for our observed compositional buffering of the olivine margins. This is conceptually somewhat similar to the model by Russell et al. (2012) , who demonstrated experimentally that reaction of a carbonate-rich melt with orthopyroxene in the lithosphere will release CO 2 . Identification and characterization of the melt composition and evolution is, as demonstrated above, the necessary next step in understanding kimberlitic magmatism.
C O N C L U S I O N S
(1) Our primary finding is that a process of DFC (digestion fractional crystallization) is strongly implicated as the process forming the cognate olivine overgrowth margins in the Majuagaa kimberlite. This process involves the coupling of crystallization of cognate phases with the digestion of an entrained xenocrystic load during transport. (2) The simplest suggestion for the source of the assimilate is orthopyroxene from disaggregated harzburgite nodules. (3) Similar margins are observed in Group I kimberlite (sensu stricto) worldwide and this process can, therefore, be implicated as a common process in the genesis of kimberlite magmas. (4) The primary melt composition will not be the same as that of the melt upon emplacement into the subsurface magmatic system (research into the primary melt composition of the Majuagaa kimberlite in terms of the reactive transport process is continuing). (5) It is possible that similar reactions between primary melt and variably metasomatized lithospheric mantle could partially explain the range of kimberlitic affinity (sensu lato) rocks.
AC K N O W L E D G E M E N T S
This work was published with permission from the Geological Survey of Denmark and Greenland. Thanks go to Alfons Berger for excellent advice and help in obtaining the electron microprobe data without which this project would have been impossible; and to Lotte Larsen for numerous discussions upon the nature of kimberlites and the practical study of olivine. Detailed and insightful reviews by Sebastian Tappe, Dima Kamenetsky and an anonymous reviewer have improved the focus and clarity of this paper and the arguments presented. Comments and discussion on the PhD thesis of Llewellyn Pilbeam by Nicholas Arndt contributed greatly to the final form of this paper.
F U N D I N G
This work was carried out as part of a PhD thesis jointly funded by the Department of Geography and Geology at the University of Copenhagen and the Geological Survey of Denmark and Greenland as a Geocenter Denmark project (6-2007).
S U P P L E M E N TA RY DATA
Supplementary data for this paper are available at Journal of Petrology online. :
The case of fractional crystallization is simply an endmember case in which M a ¼ 0 (hence r ¼ 0), so when r ¼ 0 we can retrieve the FC equation
Analytical solutions for equations (A11) and (A12) may be simply found for single trace elements (e.g. DePaolo, 1981) . However, for calculation of the forsterite content of olivine during FC or DFC, this is non-linear. Iterative solutions for FC have previously been formulated (e.g. Albare' de, 1996) ; however, these are not applicable to the general case of DFC. We therefore write the differential equation (A11) as a finite-difference equation using a grid of concentrations at a given F with a step t ! t þ1: 
The log 10 of the misfit between equation (A13) and the analytic solutions for DFC and FC decreases as the F step decreases, implying that the scheme is convergent. When the crystallization increment is less than 0·01wt % the numerical solution is stable with a very close fit to the analytical solutions of the DFC and FC equations at all available values of D, F and r [r ¼1 is not available for DePaolo's analytical solution to equation (A11)] as well as to the iterative scheme by Albare' de (1996) for calculation of forsterite content of olivine during FC.
A P P E N D I X B : E X P L A N AT I O N O F S P R E A D S H E E T C A L C U L AT I O N S
The two spreadsheet programs used for the calculations in this study are available as online appendices olivinegrain-crystallisation.xlsm and olivine-grain-diffusion.xlsm. Both of these are relatively simple and are designed for the calculations presented in this paper. However, either could be readily modified for use in other scenarios. The program olivine-grain-crystallisation.xlsm allows the calculation of the composition of olivine grain margin compositions during DFC style crystallization coupled to orthopyroxene dissolution in kimberlite following the equations in Appendix A and the methods outlined in the text. This calculation requires data for compositional transects similar to those presented here, composition of the proposed assimilate phase, composition of proposed cotectic phases, partition coefficients for the desired trace elements, and a reasonable estimate of the proportion of xenocrystic core and magmatic overgrowth from textural observations. A trial first estimate for the initial melt composition prior to DFC crystallization must be made. The 'Olivine composition in inner margin' represents the first crystallization of olivine by DFC in the magma and is estimated from inspection of the compositional profiles. This is used to adjust the Mg/Fe ratio of the initial melt estimate to be in equilibrium with the olivine crystallization. Hence the Mg/Fe ratio in this initial melt estimate is set in a similar way to that of Arndt et al. (2010) . The spreadsheet outputs are a calculated DFC compositional profile, mineralogy of the magma at the end of the DFC style crystallization, final bulk magma composition after DFC style crystallization, and final melt composition after DFC style crystallization. The composition of the initial melt, relative rate of crystallization to assimilation, ratio of oxides cotectic with olivine and CO 2 degassing, and mass proportions of orthopyroxene and olivine in the initial magma were manually iteratively adjusted until the model outputs matched with values from data for the bulk-rock composition, the modal mineralogy (in terms of olivine and oxide content) of the Majuagaa kimberlite rock and the EMP compositional transects across olivine grains.
The program olivine-grain-diffusion.xlsm calculates diffusion profiles for model olivine grain compositional data using the methods outlined in the text. The method is loosely similar to the spreadsheet provided as an online appendix by Costa et al. (2008) with several enhancements. This file uses a combination of spreadsheet formula and simple Visual Basic macros (and as such is known to be compatible only with Microsoft Excel). It requires as input pre-diffusion profiles of Mg# and Ni (ppm) [and optionally Mg (ppm) and Ca (ppm)], and estimates of appropriate pressure, temperature, and of the pre-exponential and exponential terms in the forms of the diffusion coefficients for Fe^Mg exchange and Ca tracer diffusion after the forms given by Coogan et al. (2005) and Dohmen & Chakraborty (2007) . This program can be used to study diffusion profiles along the olivine 100, 010 and 001 axis. Ni and Mn diffusion coefficient are taken as multiples of the Fe^Mg diffusion coefficient, allowing relative changes in element diffusion to be calculated. The output is in the form of a set of compositional profiles at 14 day intervals [this can be adjusted with simple changes to the Visual Basic macros and/or the time increment (dt) spreadsheet variable].
